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respiratory physiology; regional blood flow; pulmonary ventilation; radionuclide imaging; functional lung imaging EFFICIENT GAS EXCHANGE REQUIRES intimate matching of regional ventilation and perfusion. With increasing recognition of the heterogeneous distributions of both ventilation and perfusion, it is remarkable that ventilation and perfusion are so closely matched. In disease states such as acute or chronic respiratory failure, life-threatening impairment of gas exchange occurs when ventilation and perfusion are mismatched. Further understanding of the matching mechanism in the normal lung and causes of mismatching in the injured lung are therefore of great interest. Much of our understanding of regional lung function is derived from imaging methods, both historical and contemporary studies.
Most imaging methods that provide estimates of regional gas exchange measure regional ventilation and perfusion, which allows regional gas exchange and local partial pressure of oxygen in the alveoli (PAO 2 ) to be inferred from regional ventilation and perfusion (V/Q) ratios. Recent advances in the use of inhaled noble gases during magnetic resonance imaging have allowed investigators to obtain more direct estimates of regional PAO 2 .
The objectives of this review are to summarize and critique the current imaging methods that estimate regional PAO 2 and gas exchange with the intent of providing the reader with knowledge of and insights into these tools. These modern imaging methods are constantly evolving, and future advances will undoubtedly open new avenues of investigation into gas exchange.
VALIDATION OF REGIONAL V/Q IMAGING
Because direct measures of regional ventilation and perfusion are so challenging, only a few studies have attempted to validate imaging methods measuring regional V/Q ratios. There are probably several reasons for this, e.g., that validation is hampered by the lack of a clear gold standard and that available approaches are quite complex. Two basic approaches have been employed. First, measured gas exchange (differences between central venous and arterial blood gases) have been compared with gas exchange calculated from imaging measurements of regional V/Q ratios. Altemeier et al. (4) used microsphere measurements of regional lung blood flow and ventilation to calculate arterial and exhaled concentrations of respiratory and multiple inert gases. The authors demonstrated a good correlation (R 2 ϭ 0.99 for inert gases) between predicted and measured values in both normal animals and after pulmonary embolization, although the microsphere method underestimated the deterioration of arterial oxygenation after embolization. Using a similar approach, Petersson and colleagues (57) demonstrated a good correlation (R 2 ϭ 0.99 for inert gases) between measured exchange of respiratory and multiple inert gases and gas exchange predicted from SPECT measurements of regional lung blood flow and ventilation in healthy volunteers. Similar results have also been reported for arterial respiratory gases calculated from PET measurements of regional V/Q ratios (81, 82) . The limitation of this approach is, of course, that although a lack of correlation between measured and predicted gas exchange would prove measurements to be incorrect, a strong correlation only proves that measurements are accurate to a certain extent, which depends on, e.g., the true degree of V/Q heterogeneity. Or stated another way, the ability to predict whole lung gas exchange is a necessary but not sufficient proof of the imaging method because multiple different spatial distributions of ventilation and perfusion can create similar whole lung gas exchange predictions. A second approach has been to compare measurements using multiple imaging methods, reasoning that similar results serve as a mutual validation. A few studies have compared regional blood flow or ventilation in this manner (61, 62) .
As readers peruse this review, they should keep in mind that many of these methods have not been rigorously validated. The science and physiology behind the methods are generally sound, lending some confidence to the measured values of regional V/Q ratios. This review will attempt to point out some of the assumptions and potential sources of error in each of the different methods.
OVERVIEW OF NUCLEAR MEDICINE IMAGING METHODS
Before the development of the gamma-camera, regional differences in lung blood flow, ventilation, and V/Q ratios were demonstrated using intravenously administered or inhaled radioactive gases and external radiation detectors. Although providing very limited three-dimensional information, these studies demonstrated heterogeneous but well correlated distributions of both regional blood flow and ventilation. In addition these studies produced important understanding of the kinetics of tracers administered intravenously or by inhalation.
Since the introduction of radionuclide imaging methods, the vast majority of functional imaging studies of the lung has used these techniques. Emission tomography provides a noninvasive regional quantification of a radiotracer, i.e., a tracer that is either radioactive itself or labeled with a radioactive compound. Each imaging method has its own unique properties and constraints that dictate how the radiotracer can be administered and imaged. For example, some methods allow imaging during normal breathing whereas others require special breathing maneuvers. It is also important to be aware that the characteristics of the measurements vary between methods. For example, regional measurements of ventilation, blood flow, or V/Q ratios are reported with different denominators such as per unit lung volume, per unit lung tissue, or per unit alveolar gas volume. This means that measurements during different conditions can be influenced by factors other than changes in regional ventilation or blood flow (54) . A similar complicating factor, as demonstrated by the authors of this review, is that measurements of regional blood flow or ventilation are greatly influenced by the redistribution of lung parenchyma with a shift in posture (54) . This is an important issue to take into account when comparing measurements in different postures. A few studies have done this by normalizing measurements to separate measurements of the distribution of lung tissue. Of note is that regional lung density measurements are not equal to regional tissue because the weight of the lung in vivo consists of both tissue and intravascular blood. A further option is to utilize radiotracers that remain fixed in the lung after administration and perform all imaging in the same posture, i.e., with identical tissue distribution (54) .
SPECT, and increasingly PET, systems are available at many institutions. Technetium-99m (Tc-99m) is the most common radionuclide used in SPECT and is therefore widely available. In contrast, other radionuclides used for imaging of V/Q ratios are less available and often expensive. Photons emitted from the radiotracer are attenuated by tissues such as lung parenchyma, the heart, and chest wall, resulting in underestimation of the true regional concentrations (56, 70) . This has limited consequences for the clinical use of SPECT and PET where images are analyzed in a semi-quantitative manner by visual inspection. In contrast, quantitative imaging requires that measurements are corrected for the effect of attenuation. With both SPECT and PET this is often done using an attenuation (density) map of the imaged object. The attenuation map is obtained from transmission imaging or by complimentary CT imaging when using a combined SPECT-CT or PET-CT system. Transmission imaging refers to the use of an external radiation source with the gamma camera on the opposite side of the body, thus imaging photons that passed through the body, which results in images resembling regular X-ray images but with a lower resolution. In contrast, emission imaging refers to imaging of photons emitted from a radionuclide within the body. The radiation exposure differs greatly between methods. For example, dual isotope SPECT studies can be associated with a dose of 2-4 mSv (53, 54) . For PET imaging using more short-lived radionuclides the dose might be much less, e.g., 0.2 mSv (46) .
Both SPECT and PET have been used for functional lung imaging. With both methods, regional V/Q ratios can be estimated by either direct imaging of regional ratios or by the combination of separate estimates of regional blood flow and ventilation. Separate measurements have the advantage of allowing the heterogeneity of V/Q to be attributed to the distribution of blood flow or ventilation. Similarly, separate measurements of perfusion and ventilation also make it possible to resolve the distribution of total perfusion and ventilation to different V/Q compartments. Methods differ in whether they provide regional V/Q estimates as absolute or relative numbers. Relative measures provide a mean ratio for the whole lung of 1.0 regardless of the ratio between regional blood flow and alveolar ventilation in absolute numbers (e.g., ml/min). Relative ratios can be converted to absolute numbers using supplemental measurements of total lung blood flow and total alveolar ventilation.
The spatial resolution of nuclear medicine imaging methods is quantified as the full width half maximum (FWHM), which is the width of an imaged point source at one half its maximum value. Expressed differently, two point sources can be resolved if the distance between them is at least one FWHM. For a typical SPECT system, the FWHM is on the order of 10 -20 mm, corresponding values for PET systems are ϳ6 mm and for computed tomography (CT) or magnetic resonance imaging (MRI) systems down to 0.5 mm. The finite resolution of any imaging methods also means that any value measured within one voxel is not independent of the values in surrounding voxels. This is termed the partial volume effect. Quantitatively, this effect corresponds to a tendency for measurements to be averaged between adjacent voxels. With lung imaging spatial resolution is also degraded by the pulsations of the heart and the large vessels and by the movements of the lung unless image acquisition occurs during apnea. The spatial resolution and diagnostic yield of clinical SPECT lung imaging has been shown to be improved by respiratory gating during image registration. We are not aware of any study that reports quantitative measurements of regional ventilation and perfusion obtained with respiratory gated image acquisition.
SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY
Methodological aspects of SPECT imaging. With SPECT, photons emitted from a radiotracer are registered at various angles around the body by a gamma camera. A reconstruction algorithm is then used to obtain a three-dimensional image of the radiotracer distribution within the body. Typically, image acquisitions are done for 10 -60 s at 64 -90 consecutive angles over an interval of 360°. Most SPECT systems use a multiheaded camera to minimize image acquisition time, normally 10 -30 min. The spatial resolution depends on the energy of the radionuclide used and the specific SPECT system, primarily the type of collimators and the distance between the emitting source and the gamma camera. When using Tc-99m, the FWHM for a typical SPECT system is 10 -20 mm. For a more detailed description of the SPECT method and the use of different radiotracer for measurements of regional blood flow and ventilation we refer to a recent review (56) .
SPECT measurement of regional V/Q ratios. Almquist et al. (2) imaged regional V/Q ratios using steady-state intravenous infusion of xenon-133 (Xe-133) as first described by Anthonisen et al. (6) in 1966. The method is similar to the PET method using a constant infusion of nitrogen-13 (N-13), see below. With a constant Xe-133 infusion, regional radioactivity is the result of the balance between delivery and elimination, i.e., the regional V/Q ratio. In supine subjects the authors found a consistent gradient with decreasing V/Q ratios in the ventralto-dorsal direction. However, in their discussion, the authors voiced concerns regarding the obtained curiously low V/Q ratios, which question the use of this method for SPECT imaging.
SPECT measurements of both regional perfusion and ventilation. Regional lung blood flow is most often imaged using intravenous administration of macroaggregates of albumin (MAA) labeled with Tc-99m. Because of their size (10 -150 m), these particles are trapped in the lung capillaries in proportion to regional blood flow. Regional ventilation has been imaged using radioactive gas, krypton 81m (Kr-81m) or Xe-133, or particulate aerosols labeled with radioactivity. The very short half-life of Kr-81m (13 s) causes the regional concentration of radioactivity during steady-state inhalation to be primarily proportional to regional ventilation. After Xe-133 inhalation to steady state, regional ventilation is estimated using sequential (dynamic) imaging to determine the rate of radioactivity washout (74) after switching to air breathing. A further alternative for SPECT imaging of regional ventilation is Technegas, a dispersion of ultrafine graphite particles labeled with Tc-99m (11) . Clinically, Tc-99m-diethylenetriamine pentaacetate (DTPA) is the most commonly used particulate aerosol. There are, however, several problems with the use of this radiotracer for quantitative SPECT imaging relating to the comparatively large size of the aerosol particles (ϳ1 m) and absorption of the activity through the alveolar-capillary membrane (56) . Several studies using planar gamma camera imaging have shown different distributions of radioactive DTPA aerosols and radioactive gases (1, 12, 13) .
Two radionuclides with different energies (dual isotope imaging) can be used for simultaneous SPECT imaging of regional perfusion and ventilation, see Fig. 1 . An alternative method is sequential imaging of perfusion and ventilation within a short time span. Sequential imaging can be performed using either image subtraction or by using a radionuclide with a very rapid clearance or a very rapid physical decay (56) . With image subtraction, the second radiotracer administration includes a sequence of imaging both before and after administration with the subject in a fixed position in the camera throughout the sequence. When using a rapidly eliminated radioactivity, the subject needs to remain in a fixed position in the camera if the aim is to compare regional measurements corresponding to the resolution of the SPECT system. An advantage of dual isotope imaging is that both perfusion and ventilation can be marked using radiotracers that remain fixed within the lung after administration. This approach can be used to measure regional V/Q ratios during conditions other than those during image acquisition, e.g., in the upright posture (55), see Fig. 2. An advantage with sequential imaging using the same radionuclide is that perfusion and ventilation measurements are affected equally by attenuation, which makes estimates of regional V/Q ratios insensitive to this phenomenon.
In an evaluation study of a dual radionuclide method using Technegas and indium-133-labeled macroaggregates, Petersson and co-workers (57) found a narrow distribution of V/Q ratios consistent with efficient gas exchange in normal subjects. Sando et al. (71) and inhaled Kr-81m) and demonstrated a correlation between SPECT-measured V/Q heterogeneity and the alveolar-arterial oxygen difference in patients with lung disease. Using the method described above, the authors found no vertical V/Q gradient in either prone or supine postures in normal subjects during spontaneous breathing (54) . In addition, this study demonstrated little change in regional blood flow or ventilation with a shift between these two postures. A vertical gradient with decreasing V/Q ratios down the lung was demonstrated in upright individuals (55) . In normal subjects breathing spontaneously, V/Q heterogeneity was less when awake than during general anesthesia (50) . In a prior study, continuous positive airway pressure was found to induce vertical gradients with decreasing V/Q down the lung in spontaneously breathing awake subjects and more so in the prone than in the supine posture (45) . Similarly, in anesthetized and mechanically ventilated normal subjects, V/Q ratios decreased in the ventral-todorsal direction in both supine and prone postures, with a greater gradient when supine (49, 53) . The addition of positive end-expiratory pressure (PEEP) increased the gradient in the prone posture but not in the supine posture (53). Lamm et al. (36) used SPECT, inhaled Kr-81m and intravenous Tc-99m-MAA to study the effect of posture on regional V/Q ratios in mechanically ventilated dogs. In the supine posture, they found a vertical V/Q gradient in both normal dogs and dogs with experimental acute lung injury (ALI). In prone dogs there was no vertical gradient, and the overall V/Q heterogeneity was less than in the supine posture.
POSITRON EMISSION TOMOGRAPHY
Methodological aspects of PET imaging. PET imaging uses positron emitting radiotracers, where the emitted positrons are annihilated when they collide with an electron, resulting in two photons of equal energy (511 keV) traveling in opposite (180°) directions. The emitted positrons must travel at most a few millimeters before they come in contact with an electron in the lung parenchyma. Because of a lower density, positron flight is longer in the lung than in other tissues, which results in a lower spatial resolution. For PET imaging using N-13 and a PET system with a FWHM of 6 mm, the loss of spatial resolution due to positron flight has been calculated to be on the order of 30% and 7% when imaging lung and soft tissues, respectively (69) . The photons emitted at annihilation are detected by a ring of crystals arranged around the imaged object. With many PET systems, the cranial-caudal distance of the field of view is too short (ϳ20 cm) to image the entire lung simultaneously. The PET method has been discussed in detail in recent reviews (8, 31, 47) . Most PET studies of regional lung function have used N-13, a positron emitter with a half-life of 9.96 min and very Fig. 2 . For these plots the lungs were divided into 10 sections along the cranial-to-caudal distance, each section representing 10% of the total distance. Normalized regional ventilation, blood flow, and ventilation-to-perfusion ratios per voxel were averaged within each section. Plotted values are the mean values and standard deviations across 7 subjects for the prone and supine postures and 9 different subjects for the upright posture. All imaging were done in the supine posture. In this manner the effect of posture on tissue distribution during imaging is identical for all images. Differences between images can then only be due to different distributions within the lung at the time of radiotracer administration. [Reproduced with permission from (55) .]
Imaging Regional PAO2 and Gas Exchange • Petersson J et al. low solubility in body fluids and tissues (partition coefficient, ϭ 0.015). The low solubility means that when N-13, dissolved in saline, is administered intravenously nearly all radioactivity leaves the blood at the first passage by an aerated alveoli and that inhaled N-13 remains largely confined to the gas phase.
PET measurement of regional V/Q ratios. Rhodes et al. (58, 59 ) developed a PET method using a constant intravenous infusion of N-13 to measure regional V/Q ratios. Conceptually the method is similar to the continuous infusion of radioactive xenon used by Anthonisen et al. (6) . To allow correction for radioactivity in the blood upstream from the alveoli, regional blood volume was measured using PET and labeling of the blood with inhaled positron emitting carbon monoxide. Imaging a single transverse section of the lung, the authors demonstrated a gradient with decreasing V/Q ratios in the ventral-todorsal direction in 8 of 12 normal subjects breathing spontaneously in the supine posture (mean gradient Ϫ1.77%/cm).
PET measurements of both regional perfusion and ventilation. The Boston group, led by Jose Venegas, has developed PET imaging of regional V/Q ratios further and produced an extensive series of publications. In early studies (40, 75) , the method of Rhodes et al. (58, 59 ) was complemented by separate measurements of regional blood flow and ventilation. Briefly, sequential images of regional radioactivity during a short time span can be used to analyze regional radiotracer kinetics with mathematical models. When N-13 is administered as a rapid intravenous bolus infusion (ϳ30 ml in 10 s) during a 30 -60 s apnea, nearly all radioactivity diffuses into the alveolar gas in aerated lung regions. The distribution of N-13 in the lung at the end of the apnea therefore corresponds to regional blood flow. Separate estimates of regional specific ventilation (sV, ventilation per unit volume alveolar gas) can be obtained from the rate of wash-out after a period of N-13 rebreathing. In mechanically ventilated dogs, the authors demonstrated greater V/Q heterogeneity in the supine compared with the prone posture that was due to a significant gravitational V/Q gradient in the supine but not in the prone posture. More recently, this group has refined the N-13 bolus infusion method further to enable measurements of both regional blood flow and ventilation, perfusion of poorly aerated lung units (30) , and heterogeneity in ventilation within regions below the spatial resolution of the PET system (82) . In short, regional radiotracer kinetics are measured after a bolus infusion during apnea and during the resumption of ventilation. Applying a three compartmental kinetic model to the PET data provide estimates of regional blood flow, regional shunt, and regional ventilation. PET images obtained with this method are presented in Fig. 3 . Alveolar dead space ventilation cannot be measured with this method because the radiotracer is absent in nonperfused lung regions. A further disadvantage of the method is that regional blood flow is measured as per unit lung volume while regional ventilation is measured as per unit alveolar gas volume. Measurements can be transformed to one common denominator using additional measurements of alveolar gas volume (83) . In a study of spontaneously breathing healthy volunteers (46) , the authors found similar V/Q heterogeneity and no vertical gradient in V/Q ratios in either the supine or prone postures.
In several animal and human studies (32, 79, 81) , researchers have reported regions of hypoventilation during metacholine-induced bronchoconstriction and a good correlation between arterial blood gases predicted from PET data and measured arterial blood gases (R 2 ϭ 0.91 and 0.90 for arterial PCO 2 and PO 2 , respectively) (81) .
A second method to measure regional lung blood flow with PET uses intravenous administration of O-15 in water (42) . The radiotracer is infused intravenously, and regional lung radioactivity is imaged during a short apnea (ϳ20 s). The calculation of regional perfusion requires estimation of regional radiotracer blood:tissue partition coefficients. This is done with PET images after equilibration of O-15 in water throughout body tissues and comparison of regional activity from PET with the activity in venous blood; the latter measured either in the right heart or ex vivo. This technique has been combined with inhaled N-13 to obtain separate measurements of regional V and Q. For example, Richard et al. (60) used PET with this combination of radiotracers to study the effect of PEEP and posture on regional blood flow and ventilation in an animal model of ALI.
REGIONAL V/Q RATIOS IMAGED USING ELECTRIC IMPEDANCE TOMOGRAPHY
Electrical impedance tomography (EIT) is an increasingly used method to study regional lung function. The method has several advantages such as being completely noninvasive, without radiation exposure, simple to apply at the bedside and providing real-time imaging. EIT is the first method for imaging regional function that has a potential to provide continuous clinical guidance, e.g., during mechanical ventilation. With EIT, a number of skin electrodes (usually 16 or 32) are placed around the chest in a transverse plane. The electrodes are used to drive noninjurious alternating currents through the chest with simultaneous registration of difference in electrical potentials between electrodes. The registrations are used to obtain a two-dimensional image of the distribution of electrical impedance within a transverse section of the thorax. The length of the imaged lung section is ϳ5 cm cranial and caudal to the electrodes (9) . The large difference in impedance between air (gas) and lung tissue means that changes in regional aeration produces fluctuations in regional impedance. The high temporal resolution of the method allow changes in regional impedance during normal breathing to be a surrogate measure of regional tidal volume. Using the high temporal resolution, the method has also been used to analyze the temporal withinbreath spatial distribution of the inspired volume (38) . The method has been described in greater detail in excellent recent reviews (9, 14, 43) .
Both animal and human studies have shown good, or reasonable, agreement between regional ventilation measured with EIT and computed tomography (CT), SPECT, or PET (33, 63, 80) . The studies have, however, compared the distribution of ventilation to relatively large regions of interest of the imaged lung section, which is on par with the lower spatial resolution of the EIT method. The actual spatial resolution varies with the specific EIT system, but typically is on the order of 6 -20% of the thoracic diameter in the transversal plane and somewhat lower in the cranial-caudal direction (14) .
With EIT, the impedance also reveals temporal fluctuations synchronized with the contractions of the heart, i.e., the passage of the stroke volume through the lung vasculature. A more recent development of EIT is the use of these fluctuations to Imaging Regional PAO2 and Gas Exchange • Petersson J et al. obtain measures of regional lung blood flow. Compared with the changes induced by ventilation, these changes are much smaller. Three different approaches have been employed to aid the quantification of the blood flow related signal: measurement during apnea, measurement using a bolus injection of a fluid with conductivity different from blood, and digital filtering (29, 43) . The physical relationship between the pulse synchronized changes in the EIT signal, stroke volume, and regional blood flow remains to be clarified (10, 26, 73) . Importantly, measurement of blood flow with EIT is less well validated then measurement of regional ventilation. In an animal study, Frerichs et al. (29) used EIT in combination with bolus injections of hypertonic saline and electron beam CT with bolus injections of radiocontrast. The two methods showed similar patterns when the contrast media was administered selectively to one lung or to both. In a very recent publication, Borges et al. (10) reported a comparison between regional blood flow measured with EIT combined with bolus injections of hypertonic saline and SPECT. Measurements were performed in both normal animals and animals with extensive atelectasis. When the imaged lung was divided into four quadrants, the limits of agreement between EIT and SPECT measurements were Ϯ10%. In contrast, EIT measurements of blood flow based on pulse synchronicity agreed poorly with the SPECT measurements.
To date, only a few studies have used EIT to measure both regional blood flow and ventilation. An early study found that EIT and gamma camera imaging showed similar division of total lung blood flow and ventilation between the left and right lung (35) . In two recent animal studies, Fagerberg et al. (24, 25) demonstrated regional changes in V/Q ratios and increased global V/Q mismatch induced by positive end-expiratory pressure (PEEP), changes in cardiac output and endotoxin infusion. V/Q distributions obtained from EIT imaging are shown in Fig. 4 .
MAGNETIC RESONANCE IMAGING
Magnetic resonance imaging (MRI) is an appealing method to explore the human lung because it does not require ionizing radiation. Its primary disadvantage is that the signal from traditional MRI originates primarily from protons in the water Fig. 3 . Regional blood flow and end-of-washout lung images, tracer kinetics of the whole-lung field and PET-derived VA/Q distributions from single examples of normal sheep and sheep after pulmonary embolism, saline lung lavage, and bronchoconstriction. Images are tomographic sections viewed in cranio-caudal direction from top to bottom. Animals were prone for all images except the lung lavage study. Note different scales for images. Early peak and fast drop to plateau after lung lavage tracer kinetics indicates presence of intrapulmonary shunt. There is significant retention, i.e., regional hypoventilation, in large areas after bronchoconstriction. [Reproduced with permission from (82) .]
Imaging Regional PAO2 and Gas Exchange • Petersson J et al. molecules of the parenchyma. Because the lung is largely air-filled, the signal-to-noise ratio is relatively weak when using MRI to image the lung. However, by hyperpolarizing two stable isotopes of noble gases, He-3 and Xe-129, it is possible to obtain a strong MRI signal from the gases themselves. He-3 has desirable properties of being inert, insoluble in blood and tissue, and does not cause anesthesia. He-3 is a rare gas on earth, entrapped during planetary development but also occurring due to decay of tritium created for nuclear weapons and energy production. Consequently, there is limited He-3 and it is being rapidly exhausted, and methods for recycling exhaled helium are being developed (48) . Compared with He-3, Xe-129 is a relatively heavier gas, is moderately soluble in blood and tissue, and has mild anesthetic properties. Interest in Xe-129 has risen recently because as a byproduct of I-129 decay it is more abundant than He-3. He-3 and Xe-129 spin-1/2 and can therefore be hyperpolarized via a spin-exchange optical pumping technique (77) . Another reality of using the noble gases for MRI imaging is that a standard MRI system is not capable of producing images with hyperpolarized He-3 or Xe-129 inhalation and must be adapted using a dedicated radiofrequency (RF) amplifier and transmit/receive RF coils (78) . Another issue inherent to MRI is that the transmission and receiver coils variations create nonuniform fields throughout the image that need to be measured and mathematically corrected. These correction routines can add some uncertainty to regional measures of gas exchange.
When inhaled by human subjects He-3 and Xe-129 are inert and provide insights into lung anatomy and function. A number of investigators have used He-3 to image regional ventilation (5, 37, 76) , whereas others have focused on the microstructure of the parenchyma through measures of alveolar size (18, 23) . Excellent reviews on the application of He-3 MRI for lung morphology and regional ventilation have recently been published (27, 39, 78) , and the reader is referred to these articles for a broader discussion.
This review article focuses on two additional uses of MRI to estimate regional alveolar partial pressures of oxygen (PAO 2 ) and regional gas exchange. These are relatively new applications and must be considered experimental at this time in both animal and human studies. The discussion will therefore address the principles behind the measurements and the strengths and weaknesses of the methods.
Regional alveolar oxygen pressure and rate of oxygen depletion from He-3. One of the holy grails of pulmonary physiology has been the desire to measure regional alveolar oxygen tensions. As the heterogeneity of lung function and gas exchange have become more apparent, researchers have searched for methods to measure regional gas tensions as indicators of the variability in regional ventilation and perfusion. The challenge in measuring regional PAO 2 is that it is not possible to obtain samples of gases at the level the alveoli. Any gas sampling performed proximal to the alveoli necessarily reflects contributions from multiple lung regions. Using a unique characteristic of hyperpolarized He-3, investigators have estimated regional PAO 2 in mice, rats, pigs, and humans (Fig. 5) . In concert, they also measure the rate of loss of hyperpolarization that is proportional to the partial pressure of oxygen in that lung region and therefore a surrogate for O 2 removal from the alveoli, a form of gas exchange. These methods are rapidly evolving, and incremental improvements provide better imaging with shorter breath hold times.
The decay of nuclear spin hyperpolarization is described by a time constant, T 1 . In air, at atmospheric pressure, T 1 is ϳ11 s (21) . The paramagnetism of O 2 accelerates the decay and shortens the T 1 in proportion to the local O 2 tension (68). This relationship has been leveraged to estimate the local PAO 2 . By measuring the signal from the local He-3 over time, it is Imaging Regional PAO2 and Gas Exchange • Petersson J et al. possible to measure its decay and then use the decay rate (T 1 ) to estimate the regional PAO 2 . Eberle and coworkers (21) first demonstrated this concept in pigs by showing that higher fractions of inspired O 2 accelerated the degradation of hyperpolarized He-3. They used large regions of interest and did not attempt to determine differences in the spatial distribution of PAO 2 . They also demonstrated that the PAO 2 decreases with time in an apneic animal and designated this depletion or consumption rate as R.
Magnetic pulses generated in the MRI scan excite gas molecules and cause the hyperpolarized He-3 to decay faster. Therefore the true relaxation due to oxygen must be distinguished from that due to RF-induced signal loss. Deninger et al. (17) used a double acquisition method to decouple the oxygen and RF-signal induced decay to estimate regional PAO 2 in apneic pigs and in one human volunteer. With this approach, subjects needed to hold their breath for 30 -40 s and inspire similar volumes for each scan. They examined four or five regions, ϳ1 and 3 cm 3 for the pig and human, respectively. Their estimates of the regional PAO 2 ranged from 141 to 145 mmHg in the pig and from 109 to 141 mmHg in the volunteer. Without a known reference value, it was not possible to determine if these estimates were correct, but they were in a physiological range. A third study by the University of Mainz group (16) used the same double acquisition method in 4 human subjects and, with regions of interest of 1.4 cm 3 , obtained reasonable estimates of regional PAO 2 . The double acquisition method has the disadvantages that variability in the volume of the two inhalations adds noise to the measurements and that two inhalations of He-3 are required, more rapidly exhausting the supply. The major disadvantage of the doubleacquisition method is the necessity to reproduce initial conditions for both image series (28) . This requires matching breathing patterns and inhaled gas composition and allowing time between scans to allow the subject's physiology to return to normal after an extended breath hold (28) . Although these problems could be reduced in animal experiments on ventilators, human imaging methods were not well suited to clinical studies.
Deninger and coworkers (15) subsequently introduced a method that required a single acquisition to estimate regional PAO 2 in human subjects. Advances in the software analyses also provided more spatial information and an unbiased approach to selecting regions of interest. The single acquisition method and the smaller regions of interest created estimates of regional PAO 2 that were too high and clearly erroneous (15) .
Although the initial methods used to estimate regional PAO 2 provided 2D slices, work by Wild et al. (84) showed that 3D-gradient echo imaging improved the signal-to-noise ratio and by exciting the whole volume of spins, the effects of RF depolarization could be more accurately decoupled. The 3D-gradient echo also decreases the mixing of different gas polarization levels of He-3 between different lung regions due to diffusion and flow (84) . They found that their method also provided reasonable estimates of regional PAO 2 . They also identified a number of confounding problems that induced errors in the measures, including diffusion mixing between alveolar regions, coil inhomogeneity, and lung motion.
A group from the University of Virginia introduced a technique using a new phase-encoding order of the MR pulse sequence along with variable flip angles to generate spatial PAO 2 maps in a single breath hold of less than 6 s. The faster acquisition times decrease the error due to gas diffusion and flow. In three healthy individuals and three subjects who had undergone single lung transplantation for emphysema, they produced physiological ranges of PAO 2 . The estimates of PAO 2 increased and decreased when the subjects inhaled higher and lower fractions of oxygen, respectively. Subjects who had had lung transplants had very heterogeneous distributions of PAO 2 . The investigators displayed images of the same subject studied at two different time points to suggest that the estimates are reproducible but they did not perform a systematic investigation of reproducibility.
The spatial resolution and accuracy of imaging regional PAO 2 with hyperpolarized He-3 is degraded by a number of inherent problems. Due to the high diffusivity of He, gas from different lung compartments and of different levels of polarization will rapidly diffuse between regions, resulting in spatial averaging. In the rat lung, He diffuses ϳ3 mm in a 3-s breath hold and more than 1 cm during 20-to 30-s breath holds in human studies (34) . In addition, bulk flow of gas continues between lung regions even after the end of inhalation. Kadlecek and co-workers (34) have demonstrated that flow persists in the ventilated rat lung for up to 5 s after the termination of inhalation. A number of investigators have observed a relationship between the estimated PAO 2 and the depletion rate of O 2 (R). Although there may be a physiological explanation for this relationship, any process that causes the Imaging Regional PAO2 and Gas Exchange • Petersson J et al. He-3 signal to decay more rapidly will erroneously increase the estimated initial PAO 2 and R.
Rahim Rizi's (28) group from the University of Pennsylvania has done most of their regional PAO 2 and oxygen depletion work in laboratory animals to optimize scanning methods and to identify sources of error in measurements. They used numerical simulations and in vivo measurements in a rabbit to characterize the magnitude and range of potential measurement errors (28) . They found that the signal-to-noise ratio improves roughly with the square root of the number of pixels in the region of interest (28) and that it is best to acquire lowresolution images rather than binning smaller pixels together. They tried different fitting methods to extract the PAO 2 and R values and found little difference between methods. They identified multi-slice methods as inducing significant errors when the slice data were obtained sequentially and if there was overlap of the slices when the RF pulses excite the same lung region more than once. They suggest that the use of true 3D sequences improves the accuracy of spatial PAO 2 measurements.
Regional alveolar oxygen pressure and gas exchange rate from Xe-129. Although the most efforts to measure regional PAO 2 and R have used hyperpolarized He-3, hyperpolarized Xe-129 can also be used. Because Xe-129 is not as easy to polarize and the signal-to-noise ratio is not as good as He-3, the signal strength is roughly 30 times less for hyperpolarized Xe-129 compared with hyperpolarized He-3 (52). Like hyperpolarized He-3, hyperpolarized Xe-129 decays more rapidly in the presence of O 2 , and the rate of decline in the Xe-129 signal is proportional to the regional PAO 2 . However, the two gases have different properties that must be accounted for in the modeling. Where He is insoluble in blood, Xe is soluble in blood and tissue with a partition coefficient of ϳ0.1 (22) . Because of this solubility, Xe is taken up by blood perfusing the alveoli and therefore contributes to the apparent decay of the Xe signal. Modeling of the local PAO 2 therefore becomes more complex because the decay of the Xe-129 signal is influenced by both local PAO 2 and perfusion. In addition, Xe-129 undergoes a large chemical shift relative to the gasphase resonance frequency (41) , enabling image acquisition methods to distinguish gas-and dissolved-phase xenon. With the increased difficulty in obtaining He-3, more effort has recently been devoted to using hyperpolarized Xe-129 to image regional PAO 2 and gas exchange.
Samuel Patz and colleagues (52) focused their efforts on improving methods for polarizing Xe-129. Using a countercurrent system, collaboration between labs at the University of New Hampshire and Brigham and Women's Hospital was able to produce adequate quantities of hyperpolarized Xe-129 (52) . Studies in human subjects have not documented any adverse events. Due to the solubility of Xe-129 in blood, the rate of signal decay is exaggerated by removal from the region through blood flow, and consequently the estimates of regional PAO 2 from hyperpolarized Xe-129 imaging have been too high (52) .
True gas exchange (Xe gas) can be assessed due to the solubility of Xe and the fact that it resonates at three distinct frequencies in the air space, tissue barrier, and red blood cells (19) . Driehuys and coworkers (20) at Duke University have developed an MRI method they term xenon alveolar capillary transfer (XACT) to estimate the regional differences in gas exchange in rats (19) . Using specific frequency-selective pulse sequences, they imaged Xe-129 signals in the alveoli, within lung parenchyma, and in red blood cells (Fig. 6 and 7 ) of normal rats and in rats with left lung fibrosis due to bleomycin injury. They were able to visualize the decreased rate of transfer of Xe-129 into the red blood cells of the fibrotic lung compared with normal lung.
Driehuys and colleagues (20) have recently explored another approach, borrowed from older inert gas studies (7), to image Xe-129 in rat lungs. They injected saline saturated with Xe-129 by way of a tail vein and imaged the Xe-129 that came out of [Reprinted with permission from (19) .]
Imaging Regional PAO2 and Gas Exchange • Petersson J et al. solution when the blood perfusing the lung came in contact with air spaces. Due to the difference resonance frequencies of hyperpolarized Xe-129 in air, tissue, and blood, they were able to isolate the Xe-129 in the gas phase. This method therefore measures the composite physiology of both regional blood flow and gas transfer between blood and air. Hence blood flow to lung regions without air (due to a filling process or atelectasis) will not be accurately assessed. The method provides a measure of perfusion that is relative to other regions and cannot at present provide regional flow rates in volume per time. Another limitation of the method is that large volumes of saline needs to be infused to attain an adequate MRI signal and this added intravascular volume may change the physiology that is being studied.
The ability to estimate regional levels of oxygen in the lung using noninvasive and radiation free methods is a remarkable advancement in pulmonary physiology. Enthusiasm for the new imaging modalities must be tempered somewhat by the lack of stringent validations of the methods. Although PAO 2 estimates that are in the physiological range are necessary, they are insufficient to validate the methods. In addition, the estimates of regional PAO 2 have been estimated in normal lungs but have yet to be rigorously evaluated in diseased lungs. However, there are no other methods to provide regional measures of PAO 2 against which these new methods can be validated. It should also be acknowledged that these methods are rapidly evolving and the best approaches are yet to be identified. This is especially true of hyperpolarized Xe-129 that is very promising but still in an early developmental phase.
The technology needed to perform MRI imaging of hyperpolarized gases is expensive, complex, and not readily available to most researchers. The specific pulse sequences and mathematical analyses needed to arrive at an estimate of the regional PAO 2 are far removed from direct measures of oxygen. The complexity of the imaging protocols and the multiple corrections that must be applied to the measurements to estimate oxygen levels and gas exchange make the methods difficulty to understand and therefore tend to decrease the user's confidence in the final measures.
MICROSPHERE METHODS
Microsphere methods are included in this review as they provide measurements of regional ventilation and perfusion in a spatial context. Although they can only be used in animal studies, they provide greater spatial resolution than most imaging methods and can be used as gold standards against which new imaging methods can be tested. Regional ventilation (V) and perfusion (Q) can be assessed in laboratory animals by inhalation and intravascular injection of labeled microspheres, respectively. The use of microspheres to measure the spatial distribution of blood flow to organs was introduced by Rudolph and Heyman (67) in 1967 and has been used extensively in the lung since that time. More recently, Robertson and coworkers (64) developed methods to measure regional ventilation using fluorescent microspheres. By obtaining simultaneous measures of ventilation and perfusion in the same animal, it is possible to determine the regional distributions of V/Q ratios. Robertson and Hlastala (65) provided a relatively recent and extensive review of this topic. The methodologies and limitations of microspheres for measuring regional V/Q will be presented here.
Regional blood flow is measured by injecting microspheres that are 10 or 15 m in diameter via a vein. The microspheres travel to the lung and lodge in the capillaries, with the numbers of microspheres in any regional determined by the amount of blood flow to that region. The microspheres can be labeled with radioactivity, fluorescence, or heavy metals. Different labels allow multiple measures of perfusion over time and under different physiological conditions, with up to 13 different fluorescent labels currently available (72) . At the end of the experiment, the animals are killed, their lungs removed, and allowed to dry while inflated to total lung capacity. The lungs are then cut into pieces with the spatial coordinates of each piece noted. The numbers of microspheres are determined in each piece and the fraction of blood flow to each piece calculated. If the cardiac output is known, blood flow in volume per time per piece can be determined. The spatial distribution of blood flow can be visualized by creating 3D images with regions color-coded for the magnitude of flow. The methods can be used for laboratory animals ranging from rats to horses Measuring regional ventilation uses an approach similar to blood flow measurements except the microspheres are smaller, 0.04 -1.0 m in diameter, and are delivered through inhalation (65) . The microspheres are generally in an aqueous suspension that is nebulized and then dried while being administered to the animal. Animals can be spontaneously breathing or be on mechanical ventilation. Although only a fraction of the microspheres are retained, the aerosolized microspheres deposit in the lungs in proportion to the ventilation to any region. The microspheres are inhaled over a few minutes to assure an adequate fluorescent signal. After the final color of microsphere is administered, the lungs are removed and processed in the same manner as above for blood flow determination. 3D images of ventilation can also be created to visualize the spatial distribution of ventilation.
Imaging regional V/Q ratios and PAO 2 . Spatial maps of regional V/Q can be generated if the ventilation and blood flow markers are administered over the same time period. Altemeier et al. (4) combined microsphere methods with numerical analyses developed by Olszowka and Wagner (51) to estimate regional PAO 2 . These methods assume complete equilibration between alveolar and end-capillary blood. They also require measurement of mixed venous gas concentrations, cardiac output, and an estimate of dead-space ventilation. The method and results were validated against prediction of whole lung gas exchange and the multiple inert gases technique (MIGET). Traditional MIGET graphs of ventilation and blood flow to each of 50 V/Q compartments were generated from the microsphere data. Mure and coworkers (44) used simultaneous administration of fluorescent aerosolized and intravenously injected microspheres to explore V/Q distributions in supine and prone pigs. This study was followed up by Altemeier et al. (3) to determine the mechanism for gas exchange difference between supine and prone postures (Fig. 8) .
The spatial resolution of the microsphere method is dependent on the size of the lung pieces. Most studies in the lung of large animals have used piece volume of ϳ2 cm 3 . The numbers of pieces are dependent on the lung size and range from a few hundred in pigs to more than 2,000 in horses. Recent studies using an imaging cryomicrotome (66) measured ventilation and perfusion to lung volumes of 0.11 cm 3 in rats. Studies using microspheres to measure perfusion or ventilation are terminal studies and therefore not applicable to human subjects. They are also restricted to the lung volumes at which the lung is dried; usually total lung capacity. The dried volume therefore may not faithfully represent the lung volume in vivo.
CHALLENGES AND FUTURE DIRECTIONS IN IMAGING REGIONAL PAO2 AND GAS EXCHANGE
The methods described in this review can be used to obtain spatial measurements of ventilation, blood flow, and gas exchange that are required to gain insight into the gas exchange properties of the lung. As new technologies have allowed greater spatial resolution of regional lung function, the heterogeneity of ventilation, perfusion, and hence gas exchange have become more apparent. A number of mechanisms contribute to this regional variability, including hydrostatic gradients, pleural pressure gradients, lung compressibility, and the geometry of the airway and vascular trees. Despite this marked heterogeneity in both ventilation and perfusion, efficient gas exchange is possible through the close regional matching of the two. This matching is due to passive mechanisms, such as the shared effect of gravity and the matched branching of vascular and airway trees. Active mechanisms that match local ventilation and perfusion appear to play little, if any, role in the normal healthy lung but are important under pathologic conditions.
One of the many challenges faced by investigators utilizing physiological imaging of the lung is the issue of image registration over time. To investigate mechanisms of regional gas exchange adaptations, it is essential to be able to identify the same lung region to compare response after interventions. The need for precise registration is progressively more challenging at the required high levels of resolution. An additional technical challenge for physiological imaging of the lung relates to the shape of the units chosen for analysis. Image data are produced in rectangular voxels oriented along a rectilinear coordinate system, whereas the anatomically delineated units of lung function are secondary lobules at a larger level of scale or acini at an intermediate level of scale. The optimal representation of ventilation and perfusion heterogeneity requires anatomically appropriate subdivision of the physiological images.
Although measuring regional lung function are laudable goals, the focus of future studies needs to turn to the mechanisms responsible for the precise matching of regional ventilation and perfusion. To date, most imaging studies have explored the association between regional V/Q and anatomical distributions or changes with posture and gravitational forces. Hopefully, new imaging tools will allow us to propose and test hypotheses of matching mechanisms rather than the results (regional gas exchange). Another important goal is the development of imaging methods that can be used not only for research but also for improving the care of individual patients.
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